Photochemical energy conversion in a helical oligoproline assembly. by McCafferty, D. G. et al.
Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 8200-8204, August 1996
Chemistry
Photochemical energy conversion in a helical
oligoproline assembly
(4-aminoproline/light-induced redox separation/proline-ll helix/spatially ordered peptide sites)
DEWEY G. MCCAFFERTY, DUANE A. FRIESEN, EARL DANIELSON, CRAIG G. WALL, MATTHEW J. SADERHOLM,
BRUCE W. ERICKSON, AND THoMAs J. MEYER
Department of Chemistry, The University of North Carolina, Chapel Hill, NC 27599
Contributed by Thomas J. Meyer, March 1, 1996
ABSTRACT A general method is described for construct-
ing a helical oligoproline assembly having a spatially ordered
array of functional sites protruding from a proline-IH helix.
Three different redox-active carboxylic acids were coupled to
the side chain of cis-4-amino-L-proline. These redox modules
were incorporated through solid-phase peptide synthesis into
a 13-residue helical oligoproline assembly bearing in linear
array a phenothiazine electron donor, a tris(bipyridine)ru-
thenium(II) chromophore, and an anthraquinone electron
acceptor. Upon transient 460-nm irradiation in acetonitrile,
this peptide triad formed with 53% efficiency an excited state
containing a phenothiazine radical cation and an anthraqui-
none radical anion. This light-induced redox-separated state
had a lifetime of 175 ns and stored 1.65 eV of energy.
A biological photosynthetic reaction center contains a spatially
ordered array of chromophores, electron donors, and electron
acceptors that efficiently separate reductive and oxidative
equivalents upon irradiation with visible light. This fundamen-
tal process of redox separation has been modeled in redox
assemblies based on metal-bipyridyl complexes (1) or porphy-
rin-quinone systems (2-5). We have described the synthesis
and photophysical characterization of lysine-based donor-
chromophore-acceptor triads that undergo light-induced re-
dox separation (6-9).
We describe here a general method for designing and
constructing a helical oligoproline assembly having a spatially
ordered array of redox or other functional groups protruding
from a proline-II helical rod. Solid-phase peptide synthesis
(10) is an efficient method for assembling a modular chain
containing functional sites at specific positions. An a-helical
peptide chain can serve as a molecular framework to display
functional sites in a spatially ordered array (9). Alternatively,
a chain of nine or more proline residues folds into a stable
proline-II helix even when several of the proline residues have
large functional sites on their side chains (11). The distance
between two functional sites is determined by their helical
location and orientation. The position of a modified proline
residue in the proline chain determines its location on the
helical surface. The configuration and conformation of the
modified proline residue determine its orientation on the
helical surface. To illustrate this general method, we have
assembled an oligoproline assembly (triad 1) bearing three
different redox sites (Fig. 1). Folding of the peptide triad 1 into
a proline-II helix places the donor, chromophore, and acceptor
sites in a linear array on one side of the helical rod.
RESULTS AND DISCUSSION
Design. The proline-II helix is a left-handed helix with 3.0
residues per turn and an axial length of 3.1 A per residue (12).
This conformation produces three different stacks of proline
residues such that a set of every third residues comprise a stack
and each stack is aligned parallel to the helical axis. Confor-
mationally adjacent prolines in the same stack are separated by
an axial distance of -9.3 A. Several natural proteins contain
15 or more proline residues in a row (11). In a natural protein,
a proline-rich proline-IT helix serves as a spacer between other
secondary structures or as an interdomain linker (13). Syn-
thetic redox assemblies containing oligoproline spacers as long
as Pros have been used to study distance effects in intramo-
lecular electron transfer (14-17).
We have designed, chemically synthesized, and photophysi-
cally characterized the 13-residue oligoproline triad 1. Each of
its three cis-4-amino-L-proline (Pra) residues has a different
redox-active carboxylic acid connected to the 4-amino group by
an amide linkage (Fig. 2). First, the amino acid Pra(PTZpn)
[where PTZpn = 3-(IOH-phenothiazine-10)propanoyl] con-
tains phenothiazine (PTZ), a tricyclic electron donor. Second,
the amino acid Pra(Anq) (where Anq = anthraquinone-2-
carbonyl) includes anthraquinone, a tricyclic electron accep-
tor. Third, the amino acid Pra(Ru"lb2m)2+ (where b = 2,2'-
bipyridine and m = 4'-methyl-2,2'-bipyridine-4-carbonyl)
bears tris(2,2'-bipyridine)ruthenium(II), a hexacyclic chro-
mophore that absorbs visible light to form a metal-to-ligand
charge transfer (MLCT) excited state.
The oligoproline assembly 1 was designed to fold into a
stable proline-Il helix. A model of peptide 1 folded into a
proline-II helix is shown in Fig. 3. This model was based on the
x-ray crystallographic structures of the polyproline-II helix
(12) and tris(2,2'-bipyridine)ruthenium(II) (18), its energywas
minimized by using Biosym Insight II (Biosym Technologies,
San Diego), and this view was produced by using MOLSCRIPT
(19) and RASTER3D (20). By placing a Pro2 segment between
Pra(PTZpn) and Pra(RuIlb2m)2+ and another between
Pra(Ru"Ib2m)2+ and Pra(Anq), all three Pra residues are
positioned in the same stack. The distance between an axially
adjacent pair of Pra residues is -9.3 A. The terminal CH3CO-
Pro3 and Pro3-NH2 segments allow the proline-II helix to begin
and end with a capped Pro3 turn, which should prevent
unwinding of the helix (11). The planar amide linkage between
the Pra ring and one ring of Anq or Ru"b2m constrains these
redox sites to occupy a limited set of side-chain conformations.
The two flexible methylene groups between the amide linkage
and the middle ring of PTZ permit the PTZpn redox site to
occupy a larger set of side-chain conformations.
Amino Acid Synthesis. Three proline-based modules (struc-
tures 4-6) containing the desired redox sites were synthesized
separately and assembled into peptide 1 by standard solid-
phase techniques (11). A derivative of cis-4-amino-L-proline
Abbreviations: Anq, anthraquinone-2-carbonyl; b, 2,2'-bipyridine;
Boc, 1,1-dimethylethyloxycarbonyl; m, 4'-methyl-2,2'-bipyridine-4-
carbonyl; MLCT, metal-to-ligand charge transfer; Pra, cis-4-amino-L-
proline; PTZ, phenothiazine; PTZpn, 3-(1OH-phenothiazine-
10)propanoyl.
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FIG. 1. Covalent structure of redox triad 1, a helical oligoproline assembly.
that was suitable for linking to the appropriate redox-active
acids was conveniently prepared from cis-Nc-Boc-4-azido-L-
proline methyl ester (azide 2, Fig. 2) (21), which has its
a-nitrogen protected by the 1,1-dimethylethyloxycarbonyl
(Boc) group. Hydrogenation of azide 2 with Pd-on-carbon in
2% (vol/vol) 12 M HCl/ethanol provided in 89% yield the
hydrochloride salt of cis-Na-Boc-4-amino-L-proline methyl es-
ter (Boc-Pra-OCH3 HCl, ester 3), which was characterized by
mass, 1H-NMR, and 13C-NMR spectrometry and elemental
analysis (11).
Three redox-active acids, (3-(1OH-phenothiazine-10)pro-
panoic acid, PTZpn-OH (22), bis(2,2'-bipyridine)(4'-methyl-
2,2'-bipyridine-4-carboxylic acid)ruthenium(II) dication
([RuIIb2(m-OH)]2+) (22), and anthraquinone-2-carboxylic
acid (Anq-OH), were separately coupled (9) to the 4-amino
group of Boc-amino ester 3 by using N,N'-dicyclohexylcarbo-
diimide as the dehydrating agent, N-methylmorpholine as the
base, and 4-(dimethylamino)pyridine as the acylation catalyst.
The coupling ofPTZpn-OH in CH2CI2 proceeded in 84% yield
and the coupling of [RuIIb2(m-OH)]2+(PF-)2 in CH2Cl2 went
in 82% yield, but the coupling of Anq-OH in N,N-









hydrolysis (9) of the resulting methyl esters with LiOH in 3:1
(vol/vol) methanol/water provided in 97-99% yield the cor-
responding Boc-amino acids, namely Boc-Pra(PTZpn)-OH
(structure 4), [Boc-Pra(RuIIb2m)2+-OH](PF-)2 (structure 5),
and Boc-Pra(Anq)-OH (structure 6). Each of the redox mod-
ules 4-6 was purified by column chromatography and charac-
terized by mass and IH-NMR spectrometry, UV-VIS spec-
troscopy, cyclic voltametry, and elemental analysis.
Oligoproline Assembly. Peptide 1 was assembled manually
by solid-phase synthesis on methylbenzhydrylamine-resin from
Boc-Pro, Boc-Pro-Pro, and the redox modules 4-6. Cleavage of
the peptide from the solid support with 10:1 (vol/vol) HF/
anisole (1 h, 4°C) was conducted in the presence of 2-mer-
captopyridine (23) to minimize oxidation of the phenothiazine
sulfur to the sulfoxide. After reversed-phase HPLC on butyl-
silica [Vydac C4 (Heseperia, CA); 3:2 (vol/vol) acetonitrile/
water], chromatographically pure peptide 1 (66 mg) was
obtained as an orange powder, which gave the expected mass
of 2464.2 Da for the 314 atoms of dication 1.
Oligoproline Helicity. The solution conformation of the
oligoproline assembly 1 was studied with an Aviv model 62DS








FIG. 2. Synthesis of cis-NO-Boc-4-amino-L-proline methyl ester hydrochloride (Boc-Pra-OCH3-HCl, structure 3) and the redox modules
Boc-Pra(PTZpn)-OH (structure 4), Boc-Pra(RuIIb2m)2+-OH (structure 5), and Boc-Pra(Anq)-OH (structure 6).
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FIG. 3. An energy-minimized structure of peptide triad 1 showing three redox-active sites protruding from the same side of a proline-II helix.
As viewed from the C terminus, the Anq site is in front, the RuIIb2m site is in the middle, and the PTZpn site is in the rear. The sphere is the
ruthenium atom and the cylinder marks the helical axis.
Lakewood, NJ). A proline-I helix has a negative CD band at
199 nm, a stronger positive band at 215 nm, and a weak
negative band at 230 nm, whereas a proline-IT helix has strong
negative CD band at 205 nm and a weak positive band at 226
nm (24). The CD spectrum of peptide 1 in water or acetoni-
trile, polar solvents that favor the proline-I1 helix (25), exhib-
ited a strong negative band at 205-206 nm and a weak positive
band at 226-228 nm (Fig. 4A). These results are consistent with
substantial folding of peptide 1 as a proline-IT helix (Fig. 3).
When a solution of peptide 1 in water at pH 7 was slowly heated
from 25 to 85°C, the intensity of the negative CD band at 205
nm decreased only '20% (Fig. 4B). This modest linear
decrease indicates that peptide 1 is substantially folded as a
proline-II helix, even at 85°C (11).
Redox Triad Photophysics. The PF- salts of the redox triad
1, the redox acid 5, and the precursor of 5 (Boc-
Pra(RuIIb2m)2+-OCH3, ester 7) each exhibited an MLCT band
in acetonitrile at 458 nm, which is characteristic of the
(Ru"Ib2m)2+ chromophore (6-8). Steady-state emission from
the MLCT excited state occurred at 652 nm ((Dem = 0.090 ±
0.009) for ester 7 and at 642 nm for triad 1; the latter was largely
quenched (4erm = 0.008 ± 0.0008). The intensity of this
emission from ester 7 decayed exponentially with a lifetime of
1390 ns. About 82% of the emission intensity from the sample
of peptide 1 was due to triad 1, which decayed with a lifetime
of =50 ns. The rest was due to a small amount of an emitting
impurity having a lifetime of =700 ns. The emission quenching
of triad 1 is due to electron transfers between the MLCT
excited state of the chromophore site and the PTZpn electron-
donor site or the Anq electron-acceptor site.
Time-resolved transient-absorbance difference spectra were
obtained by exciting a solution of triad 1 in freeze-pump-thaw
degassed acetonitrile with a 460-nm laser pulse. The emission-
corrected absorption spectra showed the rise and fall of
Proc. Natl. Acad. Sci. USA 93 (1996)
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FIG. 4. CD data for oligoproline 1. (A) CD spectra of peptide triad
1 at 25°C in water (66 ,uM, solid line) or acetonitrile (62 ,uM, dashed
line). (B) Modest decrease in the mean residue ellipticity at 205 nm of
peptide triad 1 (60 ,uM in water atpH 7.0) with increasing temperature.
characteristic absorption bands for the radical anion
(RuIIb2[m-J)+ at 370 nm, the phenothiazine radical cation
[PTZ+]pn at 510 nm, and the anthraquinone radical anionAnq-
at 590 nm (Fig. 5). The increases in intensities at these wave-
lengths parallel the 50-ns component of the MLCT emission
decay and the disappearance of the characteristic MLCI bleach






appears to be Pra(PTZpn) -- Pra(RuIIIb2[m-)2+ electron trans-
fer by MLCT excited state 8 to furnish redox-separated state 9
(Eq. 1), which is favored by 0.1 eV.
CH3-CO-PrO3-Pra(PTZpn)-PrO2-Pra(Ru"'b2[m-])2+_
Pro2-Pra(Anq) Pro3-NH2 (8)
4,AG' = -0.1 eV [1]
CH3-CO-Pro3-Pra([PTZ ]pn)-Pro2-Pra(Ru"b2[mj-])+-
Pro2-Pra(Anq)-Pro3-NH2 (9)
This is followed by rapid Pra(Rullb2[m-])+ -> Pra(Anq)
electron transfer by excited state 9 to furnish redox-separated
state 10 (Eq. 2), a reaction favored by 0.5 eV.
CH3-CO-Pro3-Pra([PTZ +]pn)-Pro2-Pra(Ru"Ib2[m -])+-
Pro2-Pra(Anq)-Pro3-NH2 (9)
4/AG' = -0.5 eV [2]
CH3-CO-Pro3-Pra([PTZ +]pn)-Pro2-Pra(RuI"b2m)2+-
Pro2-Pra(Anq-)-Pro3-NH2 (10)
Redox-separated state 10 was formed with a maximum effi-
ciency of 53% and decayed exponentially (k = 5.6 x 106 S-1)
with a lifetime of 175 ns. This observation of exponential
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FIG. 5. Nanosecond transient-absorption difference spectra for the oligoproline redox triad 1. Following a 4-ns pulse from a 460-nm laser (1.5
mJ/pulse), spectra were recorded at intervals from 2 ns to 777 ns for 1.0 ,LM peptide triad 1 in freeze-pump-thaw degassed acetonitrile at 25°C.
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peptide triad 1 exists either in a single conformation or in
several conformations that equilibrate rapidly compared with
the rate of electron transfer. Based on the reduction potentials
of the electron donor (0.78 eV for PTZ+'0) and the electron
acceptor (-0.87 eV for Anq0°-), as measured in acetonitrile
versus a saturated sodium chloride calomel electrode, redox-
separated state 10 stored 1.65 eV of the 2.15 eV of energy
present in MLCT excited state 8.
Summary. Synthesis of oligoproline redox triad 1 illustrates
a general method for constructing helical oligoproline assem-
blies having a spatially ordered array of functional sites pro-
truding from a proline-II helical rod. The modular approach
adopted here is quite general and can be extended readily to
construction of more complex helical oligoproline assemblies.
Their properties will be determined by the number, type,
location, and orientation of the functional sites protruding
from the proline-II helical rod.
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